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GRAPHICAL  ABSTRACT 


•  Time-of-flight  in-situ  neutron  pow¬ 
der  diffraction  was  applied  to  study 
commercial  Li-ion  batteries. 

•  Comparative  study  of  the  behavior  of 
LiFeP04-  and  V-added  LiFeP04-based 
batteries  in  charge— discharge  cycling 
was  carried  out. 

•  Detailed  tracing  of  the  multistage 
process  of  Li-insertion  into  graphite 
are  shown. 

•  Information  on  the  microstructure  of 
vanadium-added  LiFeP04  cathode 
materials  was  obtained. 
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Neutron  diffraction  has  been  used  for  in-situ  studying  of  the  charge-discharge  processes  in  commercial 
lithium  batteries  with  LiFeP04  (LFP)  and  graphite  electrodes.  The  diffraction  data  were  obtained  with 
time-of-flight  diffractometer  in  the  process  of  three  complete  charge-discharge  cycles  performed  at  a 
low  rate  (0.1  C)  at  room  temperature.  The  experimental  data  allowed  detailed  tracing  of  the  multistage 
process  of  Li  insertion  into  graphite  followed  by  the  formation  of  several  LiCn  phases,  as  well  as  the 
reversible  transition  of  LiFeP04  <-►  FeP04.  A  comparison  of  the  charge— discharge  processes  in  a  battery 
with  a  pure  LFP  cathode  and  LFP  containing  ~1%  of  vanadium  (LFPV)  is  made.  In  the  second  case,  an 
evidently  larger  part  of  the  anode  material  passes  into  the  final  LiC6  state.  Analysis  of  the  diffraction 
patterns  of  LFP  and  LFPV  powders  revealed  a  marked  shrinkage  of  crystallite  size  in  the  LFPV  case,  which 
correlates  with  better  electrochemical  properties  of  LFPV  compared  to  LFP. 
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1.  Introduction 

Improvement  of  the  performance  characteristics  of  portable 
power  sources  requires  in-depth  understanding  of  the  structural 
processes  occurring  in  their  electrodes.  First  of  all,  it  is  necessary  for 
an  adequate  quantitative  description  of  the  charge  transfer  be¬ 
tween  the  electrodes.  Along  with  structural  rearrangements 
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occurring  at  the  atomic  level,  changes  in  the  microstructure  of  the 
electrode  materials  during  their  long-term  operation  also  must  be 
taken  into  account.  For  instance,  in  a  recent  paper  of  Harris  et  al.  [1  ], 
by  using  Li-ion  half-cell  with  a  graphite  electrode  it  has  been  shown 
that  diffusion  mathematical  models  not  comprising  microstruc- 
tural  information  can  only  provide  a  qualitative  description  of  the 
charge  transfer. 

For  a  long  time  neutron  scattering  (first  of  all,  diffraction)  is 
successfully  used  to  study  the  atomic  and  magnetic  structures  of 
materials  applied  in  batteries  and  their  transformation  during 
electrochemical  processes  or  under  environmental  conditions 
changes.  In  some  cases,  neutron  diffraction  allows  acquiring  data 
on  material  microstructure  as  well.  Important  for  electrode  mate¬ 
rials  studies  features  of  slow  neutrons  interaction  with  matter  have 
been  already  considered  in  several  review  articles  (see,  for  instance, 
Refs.  [2,3]).  Recent  technological  advances  have  allowed  using 
neutron  scattering  to  study  the  transition  phenomena  in  the  elec¬ 
trode  materials  occurring  as  a  result  of  their  charge  or  discharge. 
Moreover,  a  number  of  papers  have  appeared,  in  which  neutron 
scattering  was  used  for  analyzing  the  behavior  of  the  electrode 
materials  in  commercial  lithium-ion  batteries  (as  an  example,  see 
Refs.  [4-6]).  Large  neutron  penetrating  depth  is  one  of  the  most 
important  factors  determined  success  of  these  works. 

LiFeP04  (lithium  iron  phosphate,  LFP)  is  used  as  a  cathode  ma¬ 
terial  in  batteries  for  various  devices,  including  vehicles,  but  its 
wider  application  is  limited  by  the  relatively  low  ionic  conductivity. 
To  improve  the  electrical  properties  of  LFP  its  doping  with  vana¬ 
dium  has  been  suggested  and  comprehensive  structural  and  elec¬ 
trochemical  studies  of  a  new  compound  LiFeP04:V  (LFPV)  have 
been  performed.  In  the  literature  there  is  no  consensus  concerning 
structural  position  occupied  by  vanadium  and,  consequently,  about 
a  mechanism  of  improving  LFPV  electrical  properties.  At  first,  evi¬ 
dences  appeared  that  there  is  a  greater  preference  for  V  to  become 
embedded  in  phosphorus  [7]  or  iron  [8]  position.  But  results  ob¬ 
tained  in  the  paper  [9]  for  both  compositions  LFP  and  LFPV  (up  to 
5%  of  V)  by  several  experimental  techniques  including  X-ray  and 
neutron  powder  diffraction,  and  X-ray  absorption  spectroscopy 
gave  evidences  for  the  vanadium  substitution  at  the  lithium  site. 
Based  on  this  result  the  authors  suggested  the  mechanism  of  the 
conductivity  (by  a  factor  of  40)  and  capacity  (by  14%)  enhancement 
for  the  V-added  compound. 

In  recent  in-situ  experiments  [10]  performed  by  the  same  group 
of  authors  as  in  Ref.  [9  a  commercially  available  battery  with  LFPV- 
cathode  (added  with  0.75%  of  V)  has  been  studied.  The  experiments 
were  performed  on  the  WOMBAT  diffractometer  (OPAL  reactor  in 
Australian  Nuclear  Science  and  Technology  Organisation)  with 
monochromatic  neutron  beam  (A  =  2.4  A)  and  large  position- 
sensitive  detector  (1.35  <  dhki  <  6.28  A  range).  In  several 
completed  charge-discharge  cycles,  gradual  transformation  of 
LiFeP04:V  into  its  delithiated  form  (FeP04:V)  and  evolution  of 
structural  phases  of  the  anode  Li*C6  with  0  <  x  <  1  were  observed.  It 
has  been  demonstrated,  in  particular,  that  in  the  LFPV-cathode 
battery  the  LiFeP04:V  <-►  FeP04:V  transformation  occur  synchro¬ 
nously  with  the  change  of  the  battery  charge. 

In  the  following,  we  report  the  results  of  in-situ  neutron 
diffraction  experiments  with  Li-ion  batteries  with  pristine  and  V- 
added  LFP-cathodes.  The  main  objective  of  the  study  was  a 
comparative  analysis  of  the  behavior  of  LFP  and  LFPV  batteries  in 
charge-discharge  cycling.  The  experiments  were  performed  at  a 
pulsed  neutron  source  using  the  time-of-flight  (TOF)  technique.  An 
important  advantage  of  the  TOF  method  is  the  possibility  to  work  at 
the  fixed  scattering  geometry,  which  allows  selecting  the  optimal 
battery  orientation  relative  to  the  directions  of  the  incident  and 
scattered  neutron  beams  and,  thus,  minimizing  the  difficulties 
associated  with  complex  internal  structure  of  a  battery.  Neutron  in- 


situ  studies  of  commercial  batteries  using  TOF  technique  is  just 
beginning  (see,  e.g.,  [11,12]),  so  another  challenge  was  the  devel¬ 
opment  of  an  appropriate  experimental  arrangement  and  software 
for  data  acquisition  and  analysis.  One  of  the  most  important  results 
of  these  experiments  is  the  finding  that  in  the  LFPV  case,  an 
evidently  larger  part  of  the  anode  material  passes  into  the  final  LiC6 
state. 

Besides  in-situ  experiments,  neutron  powder  diffraction  pat¬ 
terns  of  LiFeP04:V  (up  to  5%  of  V)  were  measured,  based  on  which 
certain  conclusion  about  the  evolution  of  crystalline  microstructure 
with  increasing  vanadium  concentration  was  made.  In  particular,  a 
marked  shrinkage  of  crystallite  size  was  revealed  that  correlates 
with  better  electrochemical  properties  of  LFPV  compared  to  LFP. 


2.  Experimental  part 

For  the  experiments  we  used  two  commercial  batteries  with  the 
following  sizes:  3  x  100  x  136  mm  (battery  M-X  a  nominal  capacity 
—  2  Ah)  and  8.2  x  128  x  155  mm  (battery  A/*°2,  a  nominal  capacity 
~10  Ah)  (Fig.  1),  which  are  produced  by  Advanced  Lithium  Elec¬ 
trochemistry  Co.  Ltd.  (ALEEES),  Taiwan.  Both  batteries  contained 
graphite  anode  with  real  specific  capacity  330  mAh  g-1,  electrolyte 
LiPF6  mixed  with  ethylene-  and  dimethyl-carbonates,  poly¬ 
propylene/polyethylene  separator,  copper  (for  the  anode)  and 
aluminum  (for  the  cathode)  current  collectors.  As  a  cathode  battery 
includes  carbon  coated  LiFeP04,  in  the  second  battery  the 
carbon  coated  vanadium  added  material  was  used,  i.e.  LiFeP04:V«5, 
5  =  0.75%.  These  both  materials  have  been  investigated  in  paper  [9], 
where  it  was  determined,  in  particular,  that  the  specific  capacity  is 
138  mAh  g_1  for  LFP  and  155  mAh  g_1  for  LFPV.  A  proportion  be¬ 
tween  amount  of  anode  and  cathode  materials  was  kept  constant 
for  both  batteries.  As  it  is  mentioned  in  Introduction,  in  Ref.  [10]  the 
battery  similar  to  our  JV°2  has  been  already  studied  previously.  The 
synthesis  procedure  of  LFP  and  LFPV  cathode  materials  is  described 
in  Ref.  [9].  For  charge-discharge  cycling  we  used  a  galvanostat 
KIKUSUI  PFX2011.  Before  diffraction  experiment  batteries  J\f-\  and 
M-2  had  5  and  20  full  charge-discharge  cycles,  correspondingly. 

The  neutron  diffraction  experiments  were  performed  at  the 
HRFD  instrument  (High  Resolution  Fourier  Diffractometer)  [13], 
which  provides  the  possibility  to  work  in  two  modes  of  diffraction 
data  acquisition:  high  resolution  in  reciprocal  space  (using  the 
Fourier  chopper  and  correlation  electronics,  A  d/d  ~  0.001,  where 
d  is  interplanar  distance)  and  high  luminosity  (conventional  TOF- 
method,  A  d/d  ~  0.01 ).  The  geometry  of  the  experiment  is  shown 
in  Fig.  2,  which  demonstrates  that  the  registration  of  the  diffraction 


Fig.  1.  Li-ion  battery  (10  Ah)  with  current  terminals  through  which  it  was  charged  and 
discharged.  Its  dimensions  are  8.2  x  128  x  155  mm. 


358 


I  A.  Bobrikov  et  al.  /  Journal  of  Power  Sources  258  (2014)  356-364 


Detector  JV®3 


Fig.  2.  Schematic  illustration  of  the  experimental  arrangement.  The  incoming  white 
beam  is  formed  by  a  neutron  guide,  three  detectors  are  placed  at  average  scattering 
angles  of  26  =  ±152°  and  90°.  To  improve  resolution  the  time  focusing  conditions  are 
used,  this  is  why  the  detector  planes  are  rotated  relative  to  the  line  connecting  the 
center  of  the  sample  and  the  detector. 

patterns  was  carried  out  by  three  detectors  placed  at  26  =  ±152° 
and  90°.  The  covered  d-spacing  range  is  0.7-3. 7  A  for  back- 
scattering  detectors  and  1-5  A  for  the  90°-detectors.  Neutron 
beam  impinges  on  10  x  60  mm2  of  the  whole  battery  surface. 

Before  in-situ  experiments  with  the  batteries,  measurements  of 
neutron  diffraction  patterns  of  LiFeP04  and  LiFeP04:V<5  powders, 
5  =  0.75,  2  and  5%  (Fig.  3),  at  several  temperatures  have  been  per¬ 
formed.  It  allowed  refining  the  structural  characteristics  of  the 
materials  used  for  manufacturing  battery  cathodes.  Naturally,  the 
quality  of  the  diffraction  patterns  measured  from  the  battery  as¬ 
sembly  was  not  too  good  due  to  high  incoherent  background  of  the 
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Interplanar  distance  (A) 

Fig.  3.  Diffraction  patterns  (non-normalized  to  the  incident  neutron  flux)  for  LiFeP04 
and  LiFeP04:V5  powders  measured  at  HRFD  with  back-scattering  detectors  in  high- 
resolution  mode  (A d/d  ~  0.001). 


hydrogen  component  of  the  additional  battery  materials  -  the 
separator  and  the  electrolyte.  Flowever,  it  was  sufficient  (Fig.  4)  to 
perform  identification  of  structural  phases,  to  evaluate  their  pa¬ 
rameters  and  quantity.  The  diffraction  peaks  of  the  aluminum  shell 
of  the  studied  power  sources  and  of  the  current  collectors  were 
weak  and  did  not  affect  the  diffraction  data  processing. 

During  the  in-situ  experiments  both  1  and  Af°2  batteries 
were  operated  between  2.5  and  3.8  V  at  a  constant  current  of  0.2  A 
and  1  A  corresponds  to  0.1  C,  where  C  is  their  full  capacity.  I.e. 
batteries  charging  or  discharging  lasted  about  10  h.  We  found  that 
the  real  capacity  of  the  battery  A/"°l  at  cutoff  potential  is  2070  mAh 
that  coincides  well  with  the  nominal  value  2  Ah.  For  the  battery 
M-2  real  capacity  is  11,090  mAh  at  the  same  cutoff  potential  that 
10%  higher  that  the  nominal  10  Ah.  The  diffraction  data  were 
collected  continuously  in  a  high  intensity  mode  of  HRFD  with  the 
acquisition  time  per  one  diffraction  pattern  of  10  min.  Battery  JV° 2 
was  additionally  studied  at  the  rate  of  1  C,  for  which  8  full  charge- 
discharge  cycles  were  performed.  In  this  case  the  acquisition  time 
of  one  diffraction  pattern  was  2.5  min.  After  each  charge  or 
discharge  a  10-min  pause  was  held  in  order  to  damp  the  inertial 
processes  inside  the  batteries.  From  time  to  time  the  high- 
resolution  mode  was  used  to  analyze  the  phase  composition  and 
to  obtain  precise  structural  data  on  the  anode  and  cathode  mate¬ 
rials  in  the  batteries  in  a  steady  state.  For  example,  at  50%  battery 
charge  in  the  diffraction  pattern  there  are  peaks  corresponding  to 
six  structural  phases. 

The  analysis  of  the  diffraction  patterns  by  Rietveld  method  was 
performed  using  software  packages  MRIA  14]  and  FullProf  [15].  For 
the  calculations  we  use  the  following  crystallographic  data  on  the 
basic  structural  phases  of  the  batteries  electrodes: 

LiFeP04  Pnma ,  a  =  10.337  A  b  =  6.011  A,  c  =  4.695  A  (see 

Ref.  [16]); 

FeP04  Pnma ,  a  =  9.759  A,  b  =  5.752  A,  c  =  4.756  A  (see  Ref.  [16]); 

Graphite  P63/mmc,  a  =  b  =  2.458  A,  c  =  6.724  A  (our  data); 

LiCn>i8  P6/mmm,  a  =  b  «  7.37  A 10  A  <  c  <  27.2  A  (see  Ref.  [17]); 

LiCis  P6/mmm,  a  =  b  «  7.37  A  c  «  7.047  A  (see  Ref.  [18]) 

UC12  P6/mmm,  a  =  b  =  4.290  A,  c  =  7.047  A  (see  Ref.  [11  ]); 

LiC6  P6/mmm,  a  =  b  =  4.307  A  c  =  3.680  A  (see  Ref.  [11]); 


Interplanar  distance  (A) 


Fig.  4.  Diffraction  pattern  (normalized  to  the  incident  neutron  flux)  for  battery  AA-1  at 
50%  state  of  charge  (SOC)  measured  at  HRFD  at  room  temperature  in  high-resolution 
mode  (A d/d  ~  0.001).  Anode  material  is  in  the  LiCi2  phase.  Positions  of  diffraction 
lines  for  several  main  phases  are  indicated. 
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3.  Experimental  results 

The  diffraction  patterns  of  the  materials  used  for  manufacturing 
battery  cathodes  (shown  in  Fig.  3)  were  processed  by  a  structural 
model  from  Ref.  [16].  The  results  of  data  processing  for  pristine  LFP 
(Fig.  5)  and  the  V-added  LFP  are  in  good  agreement  with  the  model 
-  the  coordinates  of  the  atoms  almost  coincide  for  all  5.  Our  at¬ 
tempts  to  determine  which  of  the  cations  is  substituted  with  va¬ 
nadium  when  doping  LiFeP04  did  not  lead  to  any  definite  result  — 
the  refinement  of  LiFeP04:V<5  structure  with  b  =  2%  and  5%  indicated 
emergence  of  a  number  of  vacancies  in  all  possible  positions:  Li,  Fe, 
and  P.  Flowever,  due  to  strong  correlations  between  atomic  occu¬ 
pancies  and  thermal  factors  the  accuracy  of  this  result  is  not  high. 
The  lengths  of  interatomic  distances  in  the  LFP  and  LFPV  structures 
coincide  to  an  accuracy  of  -  0.01  A  which  also  makes  it  impossible 
to  specify  the  position  of  substitution.  In  the  unit  cell  parameters, 
which  are  the  most  accurately  determined  by  the  diffraction  data 
values,  marked  changes  are  observed  at  least  at  the  5%  of  vanadium 
adding.  There  is  some  difference  in  absolute  values  of  the  lattice 
parameters  measured  at  various  instruments  depending  mainly  on 
calibration  of  a  diffractometer.  But  comparison  of  the  relative 
changes  shows  a  clear  tendency  (Fig.  6).  The  same  tendency  -  in¬ 
crease  of  c  and  decrease  of  a  and  b  parameters  -  was  found  in  X-ray 
experiment  [7]  for  V  content  up  to  15%.  This,  apparently,  is  the 
certain  evidence  of  vanadium  insertion  into  the  structure. 

According  to  [16  LFP  is  a  collinear  antiferromagnet  (AFM)  with 
k  =  (0,0,0)  and  TN  =  52  K.  The  relative  change  in  the  intensity  of  a 
diffraction  peak  with  a  large  magnetic  contribution  is  shown  in 
Fig.  7,  from  which  it  can  be  deduced  that  in  respect  of  magnetism 
the  material  used  for  manufacturing  cathodes  does  not  differ  from 
the  standard  LiFeP04  powder.  The  same  dependence  was  obtained 
for  LFPV,  i.e.  the  influence  of  small  amounts  of  vanadium  on  the 
AFM  transition  point  is  insignificant. 

The  diffraction  data  set  (in  2D  representation)  acquired  in  in-situ 
mode  in  the  process  of  three  charge-discharge  cycles  (each  cycle 
lasting  about  22  h)  is  shown  in  Fig.  8.  The  vertical  axis  shows  as¬ 
tronomical  time  (in  hours),  the  horizontal  axis  corresponds  to  the 
interplanar  distance  (in  A).  At  the  top  the  positions  of  the  diffrac¬ 
tion  peaks  for  the  three  main  structural  phases  of  LFP-battery,  the 
set  of  which  provides  their  unique  characterization,  are  given.  The 
most  intense  lines  in  the  range  of  3.2— 3.7  A  (the  so-called  “anode 
window”)  are  associated  with  a  graphite  electrode.  In  the  range  of 


1.0  1.2  1.4  1.6  1.8  2.0  2.2  2.4  2.6  2.8  3.0 

Interplanar  distance  (A) 

Fig.  5.  Diffraction  pattern  of  LiFeP04:V(5  (5  =  0.05)  powder  measured  at  HRFD  at  293  K 
in  high-resolution  mode  and  processed  using  Rietveld  method.  Vertical  tikes  indicate 
the  calculated  positions  of  diffraction  peaks.  Difference  function  (at  the  bottom)  is 
normalized  to  statistical  error. 


Vanadium  adding  level  -  8,  % 

Fig.  6.  Relative  changes  in  parameters  of  the  LiFeP04:V«5  orthorhombic  cell  at  different 
vanadium  content.  Two  sets  of  experimental  points  are  shown:  neutron  data  measured 
at  HRFD  (red  points,  solid  lines),  X-ray  data  from  Ref.  [9]  (blue  points,  dashed  lines). 
Statistical  errors  are  smaller  than  symbol  size.  (For  interpretation  of  the  references  to 
color  in  this  figure  legend,  the  reader  is  referred  to  the  web  version  of  this  article.) 

2.2-3.2  A  (“cathode  window”)  several  intense  peaks  of  LiFeP04/ 
FeP04  phases  are  observed. 

Evolution  of  the  intense  lines  in  the  “anode  window”  (3D  view 
in  Fig.  9)  is  associated  with  the  transitions  between  the  LiCn  phases, 
where  n  >  6  (or  as  it  is  stated  in  certain  papers,  LixC6,  x  <  1 ),  which 
are  formed  in  the  transitions  of  lithium  from  LiFeP04  into  graphite 
and  vice  versa.  Initial,  fully  discharged  state  of  the  battery  is  char¬ 
acterized  by  the  (002)  diffraction  peak  of  pure  graphite  with 
d  ~  3.35  A  (Fig.10).  A  fully  charged  battery  demonstrates  a  LiC6 
phase  (a  detached  spot  at  d  ~  3.67  A),  which  under  normal 


Temperature  (K) 

Fig.  7.  Temperature  dependence  of  the  magnetic  contribution  to  the  (101)  peak  in¬ 
tensity.  Transition  to  a  collinear  antiferromagnetic  phase  occurs  at  TN  ~  50  K. 
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Interplanar  distance  (A) 
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Fig.  8.  Evolution  of  diffraction  patterns  of  a  vanadium-doped  LFP-battery  (JV-2)  produced  in  the  course  of  three  complete  charge-discharge  cycles  at  the  rate  of  0.1  C.  Vertical  lines 
at  the  top  indicate  positions  of  diffraction  peaks  of  three  main  structural  phases  in  their  initial  state. 


conditions  is  the  phase  of  the  maximum  possible  insertion  of 
lithium  into  graphite  (see,  for  example,  the  review  19]).  Interme¬ 
diate  phase  UC12  (d  ~  3.51  A)  is  clearly  visible  at  50%  battery 
charge. 

The  structural  phase  diagram  of  Li-intercalated  graphite  phases 
has  been  described  in  detail  in  literature  [17,20,21]  and  our  results 
are  in  good  agreement  with  it.  In  particular,  the  data  shown  in 
Figs.  8-10  demonstrate  that  at  the  initial  stage  the  (001)  diffraction 
peaks  (reflection  from  planes,  which  are  perpendicular  to  the 
hexagonal  axis)  gradually  shift  toward  larger  d-spacings.  This  shift 
is  associated  with  successive  emergence  of  lithium-intercalated 
LiCn  phases.  The  literature  contains  information  on  the  phases 
with  n  in  the  range  of  6-72  (see,  for  example,  [17]).  Accumulation 
of  lithium  results  in  a  gradual  increase  in  the  distance  between 
graphite  layers,  up  to  the  emergence  of  the  LiCi8  phase.  With  a 
further  increase  in  the  concentration  of  lithium  ions  the  transition 
of  LiCis  into  LiCi2  mainly  occurs  due  to  redistribution  of  lithium  in 
the  basal  planes  of  the  structure.  In  this  case  the  distance  between 
the  graphite  layers  varies  insignificantly,  which  is  manifested  as  the 
constancy  of  the  peak  position  with  d  ~  3.51  A  in  the  range  of  45- 
80%  state  of  charge  (SOC).  The  similar  behavior  of  the  diffraction 
peak  was  observed  in  Ref.  [21  ]  for  the  concentrations  of  0.25-0.5  Li 
atoms  per  carbon  atom,  which  corresponds  to  the  phases  LiC24- 
LiCi2,  as  well  as  in  recent  neutron  diffraction  papers  [10,11]. 

In  the  formation  of  the  final  phase  LiC6  corresponding  to  a  fully 
charged  condition,  the  distance  between  the  graphite  layers  is 
changed  immediately  to  —  0.2  A,  which  is  manifested  as  the  step¬ 
like  appearance  of  the  diffraction  peak  at  d  ~  3.67  A  and  the 
phase  LiCi2  does  not  vanish  completely.  That  is  possibly  connected 
with  the  significantly  excessive  general  capacity  of  used  graphite 
relative  to  the  cathode  capacity  in  these  cells.  Moreover,  a  part  of 
the  graphite  anode  material  remains  in  its  initial  state,  which  is 
indicated  by  a  bright  non-vanishing  band  at  d  ~  3.35  A  in  Fig.  8. 

More  detailed  information  on  the  successive  formation  of 
various  LiCn  phases  and  their  content  in  the  volume  of  the  anode 
is  presented  in  Figs.  11  and  12.  The  first  one  illustrates  the  change 
in  intensity  over  time  (SOC  ramping)  at  fixed  d-spacings  corre¬ 
sponding  to  the  position  of  maximum  of  the  diffraction  peak  (00/) 
from  LiCn  phases.  Fig.  12  shows  the  relative  changes  of  the 
diffraction  peaks  intensities  belonging  to  different  LiCn  phases 
over  time.  From  these  graphs  one  can  estimate  the  rate  of  change 
of  the  content  of  a  particular  phase  in  the  bulk  of  material  and 
the  differences  in  the  processes  in  LFP  and  LFPV-batteries.  In 
particular,  in  case  of  LFPV-cathode  a  considerably  greater  part  of 
the  anode  material  passes  into  LiC6  state;  relative  growth  is  about 


Fig.  9.  3D  visualization  of  diffraction  peak  evolution  from  graphite  in  the  “anode- 
window”  region  for  three  charge-discharge  cycles  for  battery  AA-1  (a)  and  N- 2  (b). 
Abrupt  emergence  of  LiC6  phase  is  especially  evident  for  battery  N-2,  in  which  cathode 
material  is  doped  with  vanadium  oxide. 


I  A.  Bobrikov  et  al.  /  Journal  of  Power  Sources  258  (2014)  356-364 


361 


Fig.  10.  Enlarged  (from  Fig.  8)  2D  diffraction  pattern  region  characterizing  structural 
processes  in  LFP-battery  anode.  Initial  state  of  the  anode  -  graphite  without  lithium  (1, 
d  =  3.35  A),  and  sequentially  emerging  phases  LiC~27  (2,  d  =  3.46  A),  LiCig,  LiCi2  (3, 
d  =  3.51  A)  and  LiC6  (4,  d  =  3.67  A)  for  battery  JV-l  (a)  and  JV-2  (b)  are  specified. 

10%.  Just  this  effect  is  responsible  for  higher  specific  capacity  of 
the  LFPV  battery.  In  addition,  it  is  clearly  seen  from  Fig.  12  that  at 
the  end  of  the  charge  cycle  the  anode  material  is  in  multiphase 
state. 
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Fig.  12.  Content  of  different  LiCn  phases  of  battery  M-\  (a)  and  2  (b)  in  course  of  one 
charge  cycle  as  a  function  of  time  (lower  scale)  or  SOC  (upper  scale)  recovered  from 
relative  changes  in  intensity  of  corresponding  diffraction  peaks.  It  is  seen  that  at  the 
end  of  charge  cycle  the  anode  material  is  non-uniform  in  its  lithium  content  state  and 
that  in  case  of  the  LFPV-cathode  a  larger  part  of  the  anode  volume  passes  into  LiC6 
phase. 
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Fig.  11.  Changes  in  intensity  of  diffraction  peaks  of  graphite  and  LiCn  phases  depending  on  the  battery  M-.  1  (a)  and  2  (b)  charge  states  in  course  of  one  charge-discharge  cycle. 
Horizontal  axis  shows  time  in  hours.  Intensities  are  taken  at  fixed  values  of  d-spacings  for  pure  graphite  d002  =  3.35  A,  LiC~27  -  d003  =  3.46  A,  LiCig,  LiCi2  -  d002  =  3.51  A  and  LiC6  - 
dooi  =  3.67  A 
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Fig.  13.  Comparison  of  the  “anode”  region  of  diffraction  patterns  obtained  from  battery  M-2  at  cycling  rates  0.1  C  (a)  and  1  C  (b).  Differences  between  them  are  clearly  visible  in  the 
region  corresponding  to  the  battery  discharge. 


From  the  above-mentioned  changes  in  the  intensity  of  the 
diffraction  peaks  over  time,  it  follows  that  at  the  charge— discharge 
rate  of  0.1  C  the  emergence  and  vanishing  of  LiCn  phases  is 
completely  symmetrical  with  respect  to  the  point  of  full  battery 
charge.  However,  in  the  experiment  with  battery  AT -2  at  the  cycling 


rate  of  1  C  asymmetry  in  these  processes  was  observed,  which  is 
clearly  visible  in  Fig.  13.  At  a  high  rate  the  battery  discharging  is 
more  surge,  the  intermediate  states  between  the  LiCi2/LiCi8  phases 
(maximum  at  d  =  3.51  A)  and  graphite  are  not  traced  as  clearly  as  in 
the  charging  process. 
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Fig.  14.  Typical  region  of  diffraction  patterns  from  battery  AA-1  comprising  diffraction  peaks  of  LiFeP04  (triphylite)  and  FeP04  (heterosite).  They  were  measured  in  in-situ  mode 
during  discharging  (a)  and  charging  (b)  of  the  battery.  Measurement  time  for  each  pattern  was  10  min.  Numbers  on  the  right  indicate  battery  charge  state  (in  %). 
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Fig.  15.  An  example  of  Rietveld  neutron  powder  diffraction  pattern  for  a  half-charged 
battery  JV-1  ( ~  45%  SOC)  measured  in  30  min.  Experimental  points,  calculated  profile 
and  difference  curve  (at  the  bottom)  are  given.  Vertical  tikes  indicate  calculated  dhki  for 
six  phases:  FeP04,  LiFeP04,  pure  graphite,  Cu,  Al  and  LiCi2  (from  top  to  bottom).  Parts 
of  pattern  containing  broad  peaks  of  separator  components  are  removed. 


Fig.  14  illustrates  changes  in  the  intensities  of  the  diffraction 
peaks  in  the  region  of  the  “cathode  window”  showing  the  vanishing 
of  LiFeP04  and  appearance  of  FeP04  (and  vice  versa )  during  the 
battery  charging  (discharging).  The  analysis  of  the  intensities  of  the 
diffraction  peaks  allows  determining  the  relative  content  of  these 
phases  depending  on  the  degree  of  battery  charge  with  an  uncer¬ 
tainty  at  a  few  percent  level.  For  pure  LFP  the  transition  process 
LiFeP04  -►  xFeP04  +  (1  -  x)LiFeP04  and  back  has  already  been 
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Fig.  16.  Portion  of  a  diffraction  pattern  for  LiFeP04  with  different  content  of  vanadium 
(numbers  near  the  curves)  measured  in  high-resolution  mode.  Width  of  peaks  and 
incoherent  background  increase  with  rising  vanadium  content.  Miller  indices  are  given 
for  the  most  intense  peaks. 


Fig.  17.  Dependences  of  diffraction  peak  widths  on  d-spacing.  For  the  parent  LiFeP04 
(<5  =  0)  a  linear  dependence  is  measured,  whereas  for  5  >  0  the  dependence  is  parabolic 
due  to  a  small  size  of  coherent  scattering  domains.  Bottom  (black)  line  corresponds  to 
resolution  function  of  diffractometer  measured  with  a  standard  sample. 


studied  using  X-ray  diffraction  [22],  and  it  has  been  demonstrated 
that  the  content  of  the  phases  varies  linearly  over  time.  Similar 
results  were  obtained  by  neutron  diffraction  for  pure  LFP  23]  and 
LFP  doped  with  1%  of  vanadium  [10].  According  to  our  data,  there  is 
a  slight  asymmetry  in  the  change  of  the  LiFeP04  and  FeP04  phase 
content  and  the  degree  of  battery  charge.  Thus,  for  the  discharged 
batteries  the  content  of  FeP04  and  LiFeP04  is  0.43/0.57  and  0.37/ 
0.63  for  batteries  AfZl  and  Af-2,  respectively.  For  the  half- 
discharged  cells  its  values  are  0.66/0.34  and  0.69/0.31.  The  devia¬ 
tion  of  the  content  of  FeP04  and  LiFeP04  phases  from  the  expected 
proportions  0/1  at  0%  SOC  and  0.5/0.5  at  50%  SOC  is  presumably 
related  to  the  irreversible  loss  by  LiFeP04  phase  of  large  number  of 
Li  atoms  used  for  formation  of  solid  electrolyte  interphase  (SEI)  and 
weak  lithium  saturation  of  graphite  (that  is  not  detected  by  neutron 
diffraction  but  it  is  seen  by  potential  presence  between  electrodes). 
For  the  full-charged  batteries  (cutoff  voltage  was  3.8  V  in  both 
cases)  the  content  of  FeP04  and  LiFeP04  is  0.93/0.07  and  1/0  for 
batteries  1  and  Af°2.  It  means  that  common  LFP  cathode  has 
small  part  of  initial  phase  at  full  charged  condition  of  battery  but 
cathode  with  vanadium  addition  has  only  one  phase  -  FeP04. 
Uncertainties  for  the  phase  content  are  large  ( ~  10%)  but  tendency 
is  clear:  LFPV  works  effectively  than  LFP. 

These  results  were  obtained  from  the  analysis  of  individual 
diffraction  patterns  using  the  Rietveld  method.  The  illustration  of 
processing  of  a  pattern  measured  over  30  min  at  the  high  intensity 
mode  of  the  diffractometer,  with  a  half-charged  battery  (~50% 
SOC)  and  containing  6  structural  phases  is  shown  in  Fig.  15. 

Fligh-resolution  neutron  diffraction  provides  opportunity  to 
obtain  information  on  the  microstructural  parameters  of  the  crys¬ 
talline  substance  -  average  size  of  coherently  scattered  domains 
and  the  microstress  level,  i.e.  to  estimate  its  defectiveness.  It  was 
obtained  from  the  analysis  of  the  Bragg  peak  broadening  (aniso¬ 
tropic  in  general)  as  a  function  of  dhki-spacing.  The  functional 
dependence  of  microstrain  and  size  effects  on  dhki  is  different, 
which  makes  it  possible  to  separate  them.  Fig.  16  shows  a  typical 
region  of  the  LiFeP04:V(5  diffraction  pattern  with  different  content 
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of  vanadium,  from  which  it  can  be  observed  that  the  peaks  broaden 
with  increasing  <5.  The  dependencies  of  the  diffraction  full-width  at 
half-maximum,  W,  on  the  d-spacing  for  the  initial  LFP  and  LFPV 
doped  with  0.75%  and  5%  of  vanadium  are  given  in  Fig.  17.  For  the 
HRFD  diffractometer  the  W2(d2)  dependence  for  a  powder  con¬ 
sisting  of  large  crystallites  (>3000  A)  and  without  microstresses  is 
seen  as  a  linear  (resolution)  function  (lower  line  in  Fig.  17).  In  the 
presence  of  microstresses  the  line  slope  increases,  and  in  the 
presence  of  size  effect  the  dependence  becomes  quadratic.  From 
the  graphs  it  is  seen  that  there  is  a  small  microstress  level  in  LFP 
crystallites  (5  =  0)  and  no  size  effect,  whereas  in  LFPV  a  significant 
broadening  of  the  diffraction  peaks  is  due  to  the  reduction  of  the 
size  of  domains  to  ~600  A  at  <5  =  0.75%  and  down  to  ~400  A  at 
5  =  5%. 

4.  Discussion  and  conclusions 

Neutron  diffraction  experiments  with  LFP-  and  LFPV-batteries 
carried  out  at  the  FIRFD  facility  at  the  IBR-2  pulse  reactor  have 
allowed  real-time  monitoring  of  transition  processes  occurring  in 
their  electrodes  during  charge-discharge  cycles.  The  obtained  data 
allow  us  to  reliably  identify  emerging  structural  phases  and  quan¬ 
titatively  analyze  the  kinetics  of  phase  transformations  in  the 
anode  and  cathode.  An  important  feature  of  the  FIRFD  is  the  pos¬ 
sibility  to  switch  between  two  different  modes  of  operation  -  high 
intensity  and  high  resolution  —  without  changing  the  experiment 
geometry.  High-intensity  mode  was  used  for  in-situ  real-time  data 
accumulation  with  a  reasonable  time  (every  10  min)  for  statistics. 
High-resolution  mode  was  used  for  data  accumulation  on  the  sta¬ 
tionary  states  of  the  batteries,  which  allowed  for  the  reliable 
identification  and  analysis  of  emerging  structural  phases.  It  can  be 
asserted  that  the  TOF  diffraction  at  the  HRFD  is  a  promising  tech¬ 
nique  for  studying  the  materials  that  make  up  Li-batteries,  as  well 
as  transition  processes  in  them. 

The  acquired  diffraction  data  allowed  detailed  tracing  of  the 
multistage  process  of  Li  insertion  into  graphite  followed  by  the 
formation  of  several  LiCn  phases,  at  first  accompanied  by  a  gradual 
increase  in  the  distance  between  the  carbon  layers,  and  then  by  the 
redistribution  of  lithium  in  the  basal  planes  of  graphite  structure. 
Formation  at  the  charge  of  the  final  LiC6  phase  is  easily  detected  by 
a  step-like  emergence  of  a  diffraction  peak  at  d  ~  3.67  A  In  the  state 
of  a  full  charge  LiC6  phase  takes  about  50%  of  the  initial  volume  of 
the  graphite  electrode,  the  remaining  volume  is  occupied  by  phases 
not  fully  saturated  with  lithium  (mainly  LiCi2).  In  the  10  Ah  battery 
based  on  the  LFPV-cathode  a  ~  10%  larger  part  of  the  anode  ma¬ 
terial  passes  into  LiC6  state  if  compared  with  the  LFP  battery. 

Comparison  of  phase  transformations  in  the  anode  at  different 
charge-discharge  rates  has  shown  that  at  the  rate  of  0.1  C  clearly 
marked  peaks  of  intensity  corresponding  to  intermediate  states 
between  graphite  and  (LiC^/LiCis)  phases  are  observed,  and  the 
emergence  and  vanishing  of  the  LiCn  phase  is  completely  sym¬ 
metrical  with  respect  to  the  point  of  full  battery  charge.  On  the 
contrary,  when  cycling  at  the  rate  of  1  C,  intermediate  states  during 
charging  and  especially  discharging  are  not  traced  in  the  form  of 
clear  intensity  maxima  of  the  diffraction  peaks. 

Lower  intensity  of  the  diffraction  peaks  from  the  cathode  ma¬ 
terial  and  its  more  complex  crystal  structure  do  not  allow  tracing 
structural  changes  in  the  cathode  in  as  much  detail  as  in  the  anode. 
Nevertheless,  LiFeP04  <-►  FeP04  transitions  are  clearly  seen  and 
quantifiable.  The  Rietveld  analysis  of  diffraction  patterns  obtained 


for  particular  points  of  SOC  for  both  batteries  revealed  that 
noticeable  larger  volume  part  of  LFPV  cathode  takes  part  in  the 
battery  operation  in  comparison  with  pure  LFP.  This  correlates  with 
larger  amount  of  the  LiC6  phase  in  LFPV  battery  in  comparison  with 
LFP  one.  These  results  correlate  also  with  greater  real  capacity  of 
battery  A/^l  ( - 11  Ah)  than  its  nominal  value  (10  Ah). 

High  resolution  of  the  HRFD  allowed  analyzing  the  changes  in 
the  cathode  material  microstructure  when  inserted  with  vanadium. 
In  pure  LiFePCU  a  slight  broadening  of  the  diffraction  peaks  is 
observed  due  to  the  presence  of  a  certain  microstress  level.  In 
powders  LiFePO^V^  at  5  =  0.75%,  and  especially  at  5  =  5%  the 
diffraction  peaks  are  strongly  broadened  due  to  size  effect.  It  means 
that  when  inserting  vanadium  into  the  LiFePCH  structure,  a  signif¬ 
icant  (from  a  few  thousand  to  about  400  A)  decrease  of  crystal  long- 
range  order  occurs.  This  effect  can  be  interpreted  as  a  considerable 
increase  in  the  density  of  defects,  which  correlates  with  better 
electrochemical  LFPV  properties  if  compared  to  LFP. 
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